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(57) Abstract: The method for generating a 
hydrogen-rich stream from hydrocarbon fuels 
(1), ultimately to produce hydrogen gas (13), 
involves the following two steps performed in 
a cyclic fashion: pyrolysis of the hydrocarbon 
fuel (1) to obtain a carbon-rich fraction (6) and 
a hydrogen-rich fraction (4); and oxidation of 
the carbon-rich fraction (6), or a portion of it, 
for heat generation. The method involves the 
following optional steps: steam gasification 
of part of the carbon-rich fraction to produce 
additional amounts of hydrogen and carbon 
monoxide; water-gas shift reaction to convert 
carbon monoxide to carbon dioxide with the 
simultaneous formation of additional amounts 
of hydrogen; and steam reforming of light 
hydrocarbons that may be produced in the first 
step to produce more hydrogen and carbon 
monoxide. 
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PYROLYSK-BASED FUEL PROCESSING 
METHOD AND APPARATUS 

CROSS-REFERENCE TO RELATED APPLICATION 

This application claims thebenefitof U.S. Provisional ApplicationNo. 60/216,888, 
filed July 7, 2000, in the names of the invmtors designated herein and bearing the same 



The United States Govenmient has rights in this invention under National Sdmce 
Foundation grant No. DMI-963278L 

BACKGROUND OF THE INVENTION 

Fuel cells which are currentiy of commercial interest operate on streams of pure 
or nearly pure hydrogm, which is not readily available in most v^cles. Ndther is a source 
of pure hydrogen conv^rat or safe to carry on board commercial trucks, buses or other 
vehicles. However, liquid hydrocarbons, such as diesel fuels, are easily available and 
their handling, storage and distribution are well developed. Consequently, the large-scale 
use of fuel cells is expected to require conversion of liquid fuels into a stream of pure 
hydrogen or hydrogen/COi mixtures, with only trace amounts of CO or sulfur impurities. 
This conversion will require a multi-step process to be carried out on board vehicles. 

Dramatic progress has heea observed in fuel-cell technologies in xecent years. A 
prototype fuel cell-powered bus has been built by Ballard Power Systems for Vancouver's 
BC Transit. In this bus, compressed hydrogm is used to fuel the cells, which has raised 
concerns about passengers' safety. In a differrat venture, Argonne National Laboratory 
has built three prototype buses running on fuel cells. These vehicles operate witii tiie diesel 
mgine replaced by an electric engine, a phosphoric-add fuel cell, and an on-board reformer. 
The role of the reformer is to convert liquid metiianol into hydrogen in situ, and thus to 
avoid the niecessity of carrying pressurized hydrogai. It is interesting to note that Argonne's 
fuel cell and the reformer are not much larger than the diesel engine they replaced. The 
fact that methanol is not currentiy a widely used fuel poses obvious limitations. There 
are also concerns related to long-term viability as well as coirosiveness and toxicity of 
methanol. 



titie. 



STATEMENT REGARDING GOVERNMENT INTEREST 
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The development of an on-board system capable of converting hydrocarbon fuels, 
such as gasoline, diesel, JP-5, natural gas, etc., into a stream of hydrogen-rich gas would 
make it possible to power vehicles using standard fuels in combination with fuel cells. 
This would greatly accelerate the introduction of fuel-cell technologies into mass transit 
and help reduce air pollution in uiban centers (particulates, NO^, CO, and imbumed 
hydrocarbons). The advantage of on-board fuel processing is clear: the utilization of 
conventional fuels at improved efficimcy, lower pollution levels, and zero noise. 

Partial Oxidation - One current approach to the conversion of standard liquid fuels into 
hydrogen is partial oxidation (POX) of the liquids to produce soot, carbon oxides and 
hydrogen. The reaction is normally carried out without a catalyst in the temperature range 
1 100-1500 * C. This technology is similar to the process used in the manufacture of carbon 
black (Austin, G.T., Shreve's Chemical Process Industries ^ Fifth edition, McGraw-Hill, 
New York, 1984). A number of prcgects are currently under way in which fuel processors 
based on partial oxidation are bdng developed (Preprints of^Anmud Automotive Technology 
Development Contractors ' Coordination Meeting, PNGV Workshop on Fuel Processing 
^ for Proton Exchange Membrane (PEM) Fuel Cells, Dearborn, MI, 23-27 October, 1995, 
Office of Transportation Technologies,. U.S. Department of Biergy, Washington, DC, 
1995; Preprints ofihe Annual Automotive Tedmohgy Development Contractors' Coordination 
Meeting, vol. I, Dearborn, MI, 23-27 October, 1995; '^Recent Advances in Fuel Cells, 
M. A. Wdjtowicz, Symposium Organizer, mACSDiv. of Fuel Chemistry Prepr. 44 (4), 
pp. 972-997, 1999; ^'Hydrogen Production, Storage, and Utilization," C. E. Gregoire-Padro 
and F. S. Lau, Symposium Organizers, mACSDiv. of Fuel Chemistry Prepr. 44 (4), pp. 
841-971, 1999). The advantages of partial oxidation include simplicity, exothermicity 
of the process, sulfur tolerance, rapid start-up, rapid response to load changes, and 
compactness. However, partial oxidation produces relatively small amounts of gaseous 
hydrogen, which is diluted with nitrogen, large amounts of carbon oxides and soot, and 
tiie efficiency of fuel utilization is relatively low. 

Steam Reforming - A second approach is based on steam reforming of hydrocarbon fuels 
according to the following reaction: 



wo 02/04346 



PCT/lISOl/21558 



-3- 



CJS^ + n H2O 



> n CO + (n + m/2) 



(A) 



wherein n and m are typically in the range 1-20 and 4-42, respectively. 

Since the above reaction is endothermic^ the unieacted hydrogen firom the fuel cell 
is usually burned to provide process heat. The reaction occurs over a catalyst in the 
temperature range 700-1000 X. 

Since proton-exchange membrane (PEM) fuel cells, which are typically used in 
transportation supplications, are intolerant to carbon monoxide, the latter spedes present 
in the product gas is o&sa shifted to caibon dioxide according to the following reaction: 



Shift conversion is usually carried outin two stages: a Mgh-temperature stage followed 
by a low-temperature stage. The former stage promotes high reaction rates, whereas the 
low-temperature stage increases the yield. Since the wat^-gas shift reaction is exothermic, 
inter-stage cooling is often implonmted. In high-temperature fuel cells, CO can be oxidized 
to CO2 directly, and no shift reaction is necessary. 

Steam rrforming is a wdl-established large scale technology , but d^ 
and operation of compact r^ormers is quite a challmge. Common feedstocks for steam 
reforming are natural gas, propane and butane. The use of heavier feedstocks, such as 
naphtha, is difficult, and this problem can be only partly alleviated by the use of sfpedally 
prq)ared catalysts (Austin, G.T., Shreve's Chemcal Process Industries^ Fifth edition, 
McGraw-EQll, New York, 1984). In most cases, a desulfurization step is required upstream 
of the reformer to protect catalyst beds from deactivation. 

Autothemud Reforming - Autothermal reforming (ATR) is a hybrid approach involving 
endothermic steam reforming combined with partial oxidation for heat generation. The 
fiiel is mixed witii a mixture of steam and air, preheated, and fed into a catalytic reactor. 
Proper ctmtrol of the steam-t{>-fuel ration is reqmred to avoid coke formation, and the reaction 
usually occurs at 650-700 'C. The efSumt is typically sent to a shift reactor prior to ent^g 
the fuel cell. The advantages of ATR include compactness, and nitrogen dilution is the 
main disadvantage. The efficiency of ATR is low^ than that of steam reforming but higher 



CO + H2O < 



> CO2 + H2 



(B) 



tiian POX. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

Figure 1 is a diagram providing an overview of a reaction scheme embodying the 
present invention. 

Figure 2 is a flow diagram of a system embodying the invention, comprising a diesel 
processor, a fuel cell, and auxiliary components (steam reformer, shift reactor, sulfur and 
CO removal units, etc.)- 



It is a broad object of the present invention to provide a novel method for producing 
a stream of hydrogen-rich gas, and thereby for producing hydrogm gas, from a 
hydrocarbonaceous material. 

It is also an object of the invention to provide a power system wherein hydrogen 
gas for use in a fuel cell is produced from a hydrocarbonaceous material, and wherein 
the system may be self-contained and implemented in a transport vdbide. 

It has now been found ttiat certain of tfie foregoing and rdaled obj ects of the invention 
' attained by the provision of amefliod for producing hydrogai gas^rom a^hydrocarbonaceous 
material, using reaction apparatus that includes means for absorbing and releasing thermal 
energy and having a heat-transfer surface. The method comprises the following steps, 
carried out cyclically: 

(a) bringing a quantity of a hydrocarbonaceous material into contact with the surface 
of the means for absorbing and rdeasing thermal energy, heated to a temperature Tjons 
to effect pyroly sis tiiereof and thereby to produce quantities of solid carbon-rich residue 
and hydrogen gas; 

(b) effecting combustion of at least a first portion of the quantity of the carbon-rich 
residue produced in the pyrolysis step; and 

(c) utilizmg at least a portion of the thermal energy produced in the combustion 
step to heat ttie means for absorbing and releasing thermal energy to T^, for effecting 
the pyrolysis step in the next succeeding cycle of the method. 



SUMMARY OF THE INVENTION 
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Hie mdhod vnH profeacably indude the additional step of (d) effecting steam gasification 
of a second portion of the solid carbon-rich residue produced in the pyrolysis step and 
deposited on the heat transfer surface. In accordance therewith, steam may be introduced 
into the reaction apparatus subsequent to the pyrolysis step, for reaction with the second 
portion of the carbon-rich residue to effect the steam gasification step, with the sensible 
heat of die means for absorbing and releasmg thermal energy supplying the heat necessary; 
the portion of thCTtnal energy produced in the combustion step and used for heating the 
means for absorbing and releasing thermal energy would, in such instances, be sufficient 
to supply the energy necessary for both the pyrolysis step and also the steam gasification 
step. 

In most embodimrats of the method a quantity of carbon monoxide is produced, 
directly or indirecfly, from the hydrocarbonaceous material, and the method desirably includes 
the additional step of (e) effecting a water-gas shift reaction, utilizing at least a portion 
of the quantity of carbon monoxide produced, so as to produce carbon dioxide and an 
additional quantity of hydrogen gas. The method may also include the additional step of 
(f) effecting steam reforming of gaseous hydrocarbons produced in the pyrolysis step, 
preferably using thermal energy produced in the combustion step. The means for absorbing; 
and releasing thermal energy may comprise a bed of a catalyst that is effective for promoting, 
pyrolysis of the hydrocarbonaceous material. 

Other objects of the invention are attained by the provision of a power system 
comprising a fuel cell, which utilizes hydrogen for power graeration, and reaction apparatus 
for producing hydrogen gas, operatively connected for delivering hydrogen gas produced 
thereby to the fuel cell. The reaction apparatus employed will include: means for absorbing 
and releasing thermal energy and having a heat transfer surface; means for introducing 
a hydrocarbonaceous material into the apparatus and for depositing the material upon the 
heat transf<^ surface thereof, for effecting pyrolysis of the material; and means for introdudng 
an oxygen-containing gas into the apparatus for effecting combustion of carbon produced 
by pyrolysis of the dq)Osited hydrocarbonaceous material, and for thereby ddivaing thermal 
energy to the means for absorbing and releasing thermal energy. 
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In preferred embodiments the system will be self-contained, and will additionally 
include means for storing a supply of hydrocarbonaceous material, operatively connected 
to the means for introducing. Such a system may be part of a transportation vehicle. 

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 

The fuel-conversion process is divided into several phases that preferably take place 
in the same reactor. The reactor mass, including packing (which will preferably comprise 
a catalyst bed), is used as a heat-transfer medium in such a way that the heat required by 
endothermic reactions is provided from preceding exothermic cycles. Thus, the reactor 
mass, which may comprise the reactor walls, catalyst bed, refiactory liners, any suitable 
packing that increases the thermal capacity of the system, etc., constitutes the means for 
absorption and release of heat. The operation of the fiid processor is described in steps 
a-d below. Figure 1 provides an ovaidew of reaction pathways. 

At a cold start (not included in Figure 1), the fuel is burned with air within the 
reactor volume until the maximum temperature of the reactor mass is 
reached. The exhaust gases firom this cycle are discarded. As an alternative, a 
rapid start-up could be achieved by the initial heating of the reactor with a 
hydrogen flame. The hydrogen needed for start-up would be stored in a small 
hydrogen reservoir. 

fuel + O2 > CO2 and H2O (heat generation for cold start-up) (1) 



It should be noted that any other suitable way of wanning up the reactor can be 
used, which will be apparent to those skilled in the art. 

a) In the next step, the air supply is cut off and the fuel is thermally or catalytically 
cracked Opyi^olyzed) on hot reactor sur&ces to produce carbon and hydrogen as the 
main products. Some quantities of light hydrocarbons (mostiy methane) and a 
heavy-hydrocarbon deposit are also formed. An optimal product distribution 



H2 + 1/2 O2 > H2O 



(heat generation for cold start-iq>) (2) 
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would be carbon and hydrogen, with only small amounts of light and heavy 
hydrocarbons. If the amount of light hydrocarbons produced is small, the product 
gases could be utilized by the fiiel cell directly. Otherwise, a refonning step may 
be desirable to convert light hydrocarbons to hydrogen. 

fuel — > H2 + C + C4 + heavy HC's (fuel pyrolysis) (3) 

+ H2O > H2 + CO (reforming) (4) 

where denotes light hydrocarbons with four or fewer carbon atoms, and HC's 

stands for hydrocarbons. 

In step (b), temperature drops from to T^. 

b) The next stq) involves endothermic steam gasification of the carbon-rich deposit to 
produce CO and H2. The heat for this reaction is provided by the hot reactor 
core, or the catalyst bed, the temperature of which drops from to T^. 

C + heavy HC*s + HjO > H2 + CO (steam gasification) (5) 

Before entering the fiiel cdl, the gaseous efEluent may be treated with steam in 
a shift reactor to produce carbon dioxide and more hydrogm: 

CO + H2O > CO2 + (wat^-gas shift) (6) 

In principle, the water*gas-shift reaction may occur inherently during the 
gasification step if excess amounts of steam are present in the system. Through 
proper design, the water-gas-shift reaction may be integrated with the gasification 
step and take place within the same reactor. The water-gas shift reaction is mildly 
exothermic. 

c) In the last cycle, the reactor core temperature is raised back to by burning the 
remaining carbon in air or oxygen. 
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The exhaust gases of this cycle may be discarded, or the CO may be shifted to 
CO2 and additional hydrogen via reaction 6. 

Stages (b), (c), and (d) will ber^^i^ to as pyrotyms (or fiiel oacldng), gasifiaaion, 
and oxidation (or carbon bum-out, or combustion), respectively. 

It should be appreciated that the above steps may be carried out in a single reactor 
or in multiple reactors. For example, fuel pyrolysis, steam gasification, and residue 
combustion may take place in the same reactor, whereas the water-gas shift reaction is 
implemented in a separate reactor. In certain embodiments of the invention, however (such 
as to provide a self-contained installation or transport vehicle), all the above steps will 
desirably (or necessarily) be integrated within a single reactor system. 

It should also be pointed out that fuel pyrolysis (reaction 3) and the combustion 
of the carbon-rich residue (reaction 7) are the necessary steps of the process, whereas the 
remaining steps are optional albeit, to a greater or lesser extent, preferred. In general, 
the inclusion of the gasification step, steam reforming, and water-gas shift increases the 
efficiracy of the fuel processor at the expense of increased system complexity. In addition, 
it should be noted that: 

is gmerally determined by the condition that enough carbon-rich deposit must be left 
so that the temperature can be raised again to in the carbon burnout stq^^. Another 
constraint on is of a Mnetic nature: if the temperature drops too much, the steam 
gasification reaction becomes unacceptably slow, and the reactor temperature has to 
be raised. 

The above scheme can be implemented with and without catalysts. 

The process can be used for the processing of gaseous, liquid, solid, and mixed hydrocarbon 
feedstocks. 

The products of the exothermic step (combustion) can be completely discarded, 
thereby reducing the load on the water-gas shift reactor. The secondary process- 
ing can be further simplified if thorough cracking of tiie fiiet to carbon and 



wo 02/04346 



PCT/USOl/21558 



-9- 

hydrogen can be effected, with only negligible amounts of light hydrocarbon gases 
produced. In such a case, the steam-reforming step is unnecessary. On the other 
hand, the utilization of the water-gas shift and reforming steps leads to 
improved system efficiency. High flexibility of the proposed process will be 
appreciated. 

The use of multiple (^cles involving high temperatures is thought to be feasible. It should 
be noted that the int^al-combustion engine does involve multiple strokes occurring 
at high frequencies, high pressures, and at elevated temperatures. It is expected tiiat 
the engineering of the fuel processor can be readily handled by those skilled in the 
art. 

An example of a reaction scheme embodying the invention is shown in Figure 1 for the 
case of diesel processing at about 1100 'C. At this temperature, the main pyrolysis products 
are found to be hydrogen, carbon residue (mostly carbon), and methane. Simplified reaction 
stoichiometry is given below. 
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- Diesel Pyrolysis: 

C„H„ xH^+—^CH,+^n —jC 



(8) 



- Char Gasification: 



(9) 



- Char Combustion: 



>g(l-p(«-^)cO, (lOa) 

I 

(i-9)(i-p)(«-^)c+^(i-pj(«-^)o, — ^ (i-,xi-p)(«-^)co 

(10b) 

-Water-Gas Shift (CO from char gasification): 

(11a) 

{l-y)l{n-^]cO > (i-y)p^„-i^jcO (lib) 

- Methane Refonning: 



r CH.'¥r — - — HjO > 3r — - — Hj-^r — - — CO (12a) 

4 4 4 4 



(l-r)CH4 >{l-r)CH, (12b) 



wo 02/04346 PCT/USOl/21558 

-11-* 

- Water-Gas Shift (CO from methane reforxning): 

zr — - — CO-hzr — - — H2O > zr Hj + zr CO2 (13a) 

4 4 44 

(l-z)r^^CO > {i-z)r^^CO (13b) 

4 4 

Water-Gas Shift (CO from char combustion): 

5(i-5)(i-p)(«-^]co+.(i-^)(i-/,)(/i-i^i^]^,a — > 

> ^l-^)(l-p)^„-^j/^^+,(l-^Xl-p)(«-^)cO, (14a) 

(l-.)(l-9)(l-p)[n-^jcO > {l-s){l-q){l-p^t-^yO (14b) 

Notation 

p -fraction of char gasified 
(1 - p) - fraction of char combusted 

— ^ - CO/CO ratio in combustion products 

y - fraction of gasification CO shifted 

s - fraction of combustion CO shifted 

r - fraction of CH4 reformed 

z - fraction of CO from CH4 reforming shifted 
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Overall Reaction Stoichiometry 

CA+|[p(l+y)+.(l-^)(l-p)](n-^] + r(l+z)^|if,C?+ 

— ^{f+Wl+3')+^(l-^)(l-p)](n-^)+K3+z)^}H.+ 
{(«-^){(l-*+-(l-^)]+)'p}+^^]cOa^- 
+{(/'-^)p(l-y)^-(l-9)(l-p)(l-^)]+Kl-^)^}co+ 
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Spedfic advantages of the system of the invention include: 

The pyrolysis step "splits" the original hydrocarbon feedstock (e.g., diesel fuel) into a 
carbon-rich fraction (solid and/or heavy liquid) and a hydrogen-rich fraction (gas). 
The separation of these fractions occurs spontaneously. 

The heat-generating step involves combustion of the carbon-rich fraction, without the loss 
of hydrogai. This is in contrast to the POX and ATR reactors where carbon and hydrogen 
are combusted indiscriminately. This selectivity in the heat generating step leads to 
superior efficiency of the process as compared with POX and ATR reactors. 

The stream of hydrogen-rich gas resulting from the process is either undiluted or the level 
of nitrogen dilution is lower than in the case of POX and ATR. 

The steam-gasification of the carbon residue is an additional source of hydrogen originating 
fix>m water. This source of hydrogen is not present in POX and ATR processes. 

The water-gas shift reaction also produces additional amounts of hydrogen from water. 
This source of hydrogen is present in the POX and ATR processes. 

Yet another source of additional hydrogen is the reforming step in.which light hydrocarbons 
react witii steam to produce hydrogen and CO (reaction 4). 

A description of experiments carried out to demonstrate the invention is given below. 
Although the invention can be used in conjunction with diverse hydrocarbon fuels, the 
experiments described bdow were performed on diesel fiiel, which is probably one of the 
most challenging fuels to process. 

Four bmch scale, fixed-bed reactors were designed and constructed, with diameters 
ranging fix)m 1" to 1.5", and with different designs of the fuel-injection assembly. The 
experimental system consisted of a tubular reactor, water and diesel injection section, gas 
manifold, and a gas-analysis section. The entire system was computer controlled, which 
allowed for automated, unattended operation throughout many cycles. 

Each reactor was heated externally using a tube furnace, and furnace temperature and 
inlet pressure were recorded on a continuous basis. A high-pressure, dual-cylinder metering 
pump (Eldex A-30-S) was used for fuel delivery, and another metering pump was utilized 
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for water injection. Computer controlled valves provided automatic switching from diesel 
to water at the end of the diesel-cracking stage. Both pumps were equipped with by-pass 
loops to ensure smooth, trouble-free operation. A small stream of nitrogen was used to 
carry the liquid (diesel or water) aerosol into the reactor, and either air or oxygen was 
used to bum residual carbon in the oxidation stage. The flow of gases at the reactor inlet 
was controlled by means of computer-interfaced solenoid valves. The flow rate of the 
gas effluent at the reactor outlet was measured using a digital volumetric flow meter (J&W 
Scientific model ADM 2000). For flow rates above 1 L/min, a Humonics model 730 bubble 
meter was used. The latter device was equipped with an electronic bubble counter. 

Gas analysis was performed using a Fourier transform infrared (FT-IR) analyzer and 
a gas chromatograph (GC). To establish reproducible, standard conditions for FT-IR gas 
analyses, a constant, low-flow slip stream (10 ml/min) was withdrawn from the efflumt 
gas, and a digital peristaltic pump was used for this purpose. The slip stream was diluted 
with nitrogen (1,630 ml/min) before entering a gas cell (On-line Technologies 20/20" 
Multipass Cell maintained at 140 X) of an FT-IR spectrometer (Bomem MBIOO). Water 
was condensed out of the effluent stream using two condensers: one for the main stream, 
and one for the slip stream. Concentrations of the following species were continuously 
monitored using FT-IR analysis: CO, CO2, SO2, CH4, and other light hydrocarbons. 

Gas chromatographic analysis was p^ormed on gas samples collected in sanq>ling 
bags. A Carle Series 400 AGC gas chromatograph was used to carry out gas analysis 
(H2, CO, CO2, C1-C5, and C5 or larger). The instrument was equipped with molecular 
sieve columns, a thermal conductivity detector (TCD) for the analysis of H2, CO2, CO, 
and light hydrocarbon gases, and an SRI flame ionization detector (FID) for light 
hydrocarbons. In addition, a HNU 421 GC was used. It was equipped with a flame-ionization 
detector (FID) for heavier hydrocarbons and an SRI 110 flame photometric detector (FPD) 
for sulfur analysis. A Chromosil 330 column was used, and the oven temperature was 



E?q;)eriments involving three main components of thereaction scheme (diesel pyrolysis, 
steam gasification of the carbon-rich fi:action, and combusticm of the residue) were conducted 
and product distributions were determined under different process conditions. An optimum 
nominal process temperature of 1,100 *C was used in most experiments. 



40 X. 
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More than 200 pyrolysis-gasifiication-combustion cycles were performed, and a typical 
pyrolysis gas composition was found to be 84 mol% H2 and 16 mol% CH4. An average 
gas composition during gasification was found to be 55 mol% Hj, 36 mol% CO, and 9 
mol% CO2. The above values do not include small quantities of nitrogen used as a carrier 
gas to entrain diesel and water aerosol and introduce them into the reactor. It is expected 
that the need for a carrier gas will be eliminated in the final design of the fuel processor. 

Data collected in the above series of experiments were used to produce a flow-sheet 
design of a diesd-processor unit compatible with a 30 ft (30,000 lb) transit bus, as shown 
in Figure 2, which included mass and heat balances. The assumptions and results are 
discussed below. 

It is assumed that a complete carbon conversion to CO2 takes place in the char-combustion 
step, and the effluent gas (stream No. 7) is discarded. This means that the combustion- 
generated CO is entirely converted to CO2 to recover the heat of reaction. This may be 
implemented, for example in a catalytic or non-catalytic CO. oxidizer (re-bumer). An 
alternative arrangement, wherdn the carbon monoxide resulting from char combustion 
is directed to the shift reactor so fliat more hydrogra could be gmerated, might be employed. 
IMs concept would have to involve a CO-OI2 separation step, however, to prevent unreacted 
oxygen from mixing with the hydrogen formed in the shift reactor. Such' a step would 
add unnecessary complexity and cost to the scheme, and the configuration shown in Figure 
2 is, therefore, deemed more advantageous. The CO oxidizer could have fbe form of a 
catalytic re-bumer, for example, with the heat of CO-to-COa oxidation transferred either 
to the diesel processor directly or to one of its inlet streams (e.g., water, diesel, or inlet 
air pre-heater) using a heat exchanger. Furthermore, the CO oxidizer could be coupled 
with, or complemented by, a heat-recovery unit in which excess hydrogen from the outlet 
of the fuel cell is combusted. (Fuel cells usually operate under 20-25 % excess hydrogen 
to keep the cell well purged and avoid contamination.) 

In addition to the steam reformer and the shift reactor, the fuel-processmg system is 
equipped with sulfur and carbon-monoxide removal units to ensure adequate gas purity 
for the downstream units (the steam reformer, the shift reactor, and the fuel cell). Such 
units are commonly utilized in fuel-cell systems, and the design or selection of these parts 
of the system is not the subject of this invention. 
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System response to transient changes in the feed rate and temperature is an important 
consideration related to start-up and part-load operation. Rapid start-up should be possible, 
e.g . , by the initial heating of the reactor with a hydrogen flame. A small hydrogen reservoir 
could be used to store hydrogen for the next cold start-up. Another option would involve 
the combustion of small amounts of diesel fuel for start-up purposes. Part-load operation 
could also be facilitated by computer control of cycle characteristics, such as the amount 
of diesel injected, duration of pyrolysis, gasification, and combustion steps, etc. The use 
of oieigy-storage devices, such as flywheels, batteries, or ultracqiacitors, is also a possibili^. 

The basis for the mass-balance computations was a flow of 2,050 mol H2/hr, which 
is an approximate nominal hydrogen demand of a 30,000 lb transit bus powered with a 
fiiel cell (Fisher, J. , "Fuel cell-powered transit bus development," Preprints oftheArmual 
Automotive Technology Development Contractors * CoordinationMeeting^ vol. I, Dearborn, 
MI, 23-27 October, 1995). Additional assumptions upon which the mass and energy balance 
computations were performed are listed below. 

In the steam-gasification step, a steam-to-caibon. ratio of 3.0 (g HjO/g C) = 2.0 (mol 
. . H20/molC)was,assumed based on ihe.literature.data.for.steam-:gasification.processes 
(Dainton, A. D. , "Gasification of Coal," Ch. 7 in Coal and Modem Cdal Processing: 
An Introduction, Pitt, G. J. and Millward, G. R., Eds., Academic Press, London, 1979, 
pp. 133-162; and Van Fredersdorff, C. G. and Hliott, M. A., "Coal Gasification, 
Ch. 20 in Chemistry of Coal Utilization, Supplementary Volume^ H. H. Lowry, Ed., 
John Wiley & Sons, New York, 1963, pp. 892-1022). 

In the methane reformer, a steam-to-metiiane ratio of 3.375 (g HsO/g CH4) - 3.0 (mol 
H20/mol CH4) ^vas assumed based on the literature data for steam-reforming of mettiane 
(Tedder, J. M., Nechvatal, A., and Jubb, A. H., Basic Organic Chemistry, Part 5: 
Industrial Products, John Wiley & Sons, London, 1975). 

20% excess oxygen in the char-combustion step. 

The amount of water in the shift reactor (a sum of HjO in streams No. 5, 9. and 10) was 
assumed to be at least 1.5 times the equilibrium value required for the desired CO 
conversion (80%). 
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The energy required to heat reactants to reaction teniperature was unaccounted for, assuming 
that most of this heat could be recovered from the products. Although some heat loss 
is inevitable, it should be borne in mind that additional energy will be available from 
the fuel cell (an exothermic process), and also from the combustion of excess hydrogen 
exiting the fuel cell. In addition, the conversion of CO in the shift reactor was assumed 
to be only 80%, which is very conservative and characteristic of a single-stage shift 
reactor (Austin, G.T. , Shreve *s Oiemical Process Industries^ Fifth edition, McGraw-Hill, 
New York, 1984), The water-gas shift reaction oftei proceeds nearly to its equilibrium, 
which is associated with conversions close to, and sometimes in excess of, 90% rather 
than the assumed 80%. 

Results of the mass and energy balance calculations are summarized below. 

The fuel requirement for the integrated system consisting of the diesd processor, 
a shift reactor, and a methane reformer was found to be about 12.5 kg/hr, i.e. , approximately 
10.4 L/hr (2.61 gal/hr). This corresponds to a hydrogen production of about 2.0S kmol 
Hs/hr 1.02 kg Hj/hr), which is apprq)riate for a SO kW fuel cdl. The air requirem^t 
for the fuel-processor was found to be about 35.4 kg/hr (1.23 kmol/hr). The ^tire system 
operates with a water requirmimt of 22.8 kg/hr (1.27 kmol/hr), i.e., 1.82 1^ H20/I^ diesel, 
but using water available from the fuel-cell exhaust can easily comi>ensate for this deficit. 
If one includes the fuel cell in the water balance, a surplus of 14. 1 kg/hi (0.781 kmol/hr) 
results. The fuel-processing system can be made thermally neutral, i.e., all the energy 
required for the process can be generated from diesel fuel. The overall system effici^cy 
(excluding the fuel cell) in excess of 90% was found. The efficiency is defined as a ratio 
of the lower heating value of the hydrogen produced to the lower heating value of diesel. 

The concept was evaluated on the basis of the available data, and comparisons with 
methanol reforming and partial oxidation were made. The above-described system was 
found to offer a substantial fuel-economy and operating-cost advantage over the methanol 
reformer (at least a factor of two). The main advantages over partial oxidizers are a better 
efficiency (93% versus 83%) and a better quality gas feedstock for fuel cell (78 mol% 
H2 for the diesel processor versus 43 mol% H2 for a partial oxidizer). The above performance 
data for partial oxidizers are quoted after Mitchell, W. L., Chintawar, P. S., Hagan, M., 
He, B.-X. and Prabhu, S. K., "Compact fuel processors for fuel cell electric vehicles 
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(FCEVs)/i4CJS2)/v. of Fuel Chem. Prepr., m9,44{A), 995-997. The main disadvantage 
of the pyrolysis-based diesel processing system appears to be its relative complexity. 

Thus, it can be seal that the preset invention provides a novd method for produdng 
hydrogen gas from ahydrocarbonaceous material. It also provides apower system vi^herein 
hydrogoi gas for use in a fuel cell is produced from a hydrocarbonaceous material, and 
wherdn the system may be self-contained and implemented in a transport vehicle. 
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THE CLAIMS 

Having thus described the inventton what is CLAIMED is: 

1 . A method for producing hydrogen gas from a hydrocarbonaceous material, using 
reaction apparatus that includes means for absorbing and releasing thctmal energy and 
having a heat-transfer surface, comprising the following steps, carried out cyclically: 

(a) bringing a quantity of a hydrocarbonaceous material into contact with said heat- 
transfer surface of said means for absorbing and releasing thermal eaexgy, heated to a 
temperature to effect pyroly sis thereof and ttereby to produce quantities of solid carbon- 
rich residue and hydrogm gas; 

(b) effecting combustion of at least a first portion of said quantity of said carbon-rich 
residue produced in said pyrolysis step; and 

(c) utilizing at least a portion of the thermal energy produced in said combustion 
step to heat said means for absorbing and rdeasing thermal oiergy to said temp^ture 
Tttuoif for effecting said pyrolysis step in tiie next succeeding cycle of said method. 

2. The method of Claim 1 including the additional step of (d) effecting steam 
gasification of a second portion of said solid carbon-rich residue produced in said pyrolysis 
step and deposited on said heat transfer surface. 

3. The method of Claim 2 wherein, subsequent to said pyrolysis stq>, steam is 
introduced into the reaction apparatus for reaction with said second portion of said solid 
carbon to effect said steam gasification step, and wherein tiie sensible heat of the means 
for absorbing and releasing thermal energy supplies the heat necessary for said gasification 
step, said portion of thermal mezgy produced in said combustion stq> and used for heating 
said means for absorbing and releasing thermal energy being suffidrat to supply tiie energy 
necessary for both said pyrolysis step and also said steam gasification step. 
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4. The method of Claim 1 wherein a quantity of caibon monoxide is produced, 
directly or indirectly, from said hydrocarbonaceous material, and wherein said method 
includes the additional step of (e) effecting a water-gas shift reaction, utilizing at least a 
portion of said quantity of carbon monoxide produced, so as to produce carbon dioxide 
and an additional quantity of hydrogen gas. 

5. The method of Claim 1 including, in said next succeeding cycle, the additional 
step of (f) effecting steam reforming of gaseous hydrocarbons produced in said pyrolysis 
step. 

6. The method of Claim 5 wherein thermal energy produced in said combustion 
step sui^lies the energy necessary for effecting said steam reforming step. 

7. The method of Claim 1 wherein said means for absorbing and releasing thermal 
energy comprises a bed of a catalyst that is effective for promoting pyrolysis of said 
hydrocarbonaceous material. 

8. A method for producing hydrogen gas from a hydrocarbonaceous material, using 
reaction apparatus that includes means for absorbing and releasing thermal mergy and 
having a heat-transfer surface, comprising the following steps, carried out cyclically, 

(a) bringing a quantity of a hydrocarbonaceous material into contact with said heat- 
transfer surface of said means for absorbing and releasing thermal energy, heated to a 
temperature T^, to effect pyrolysis th^eof and thereby to produce quantities of solid carbon- 
rich residue and hydrogen gas; 

(b) effecting combustion of at least a &st portion of said quantity of said carbon-rich 
residue produced in said pyrolysis step; 

(c) utilizing at least a portion of the thermal enstgy produced in said combustion 
step to heat said means for absorbing and releasing to said temperature T^, for effecting 
said pyrolysis step in the next succeeding cycle of said method; and 

(d) effecting steam gasification of a second portion of said quantity of carbon-rich 
residue produced in said pyrolysis step. 
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9. The method of Claim 8 wherein^ subsequent to said pyrolysis step, steam is 
introduced into the reaction appajcatus for reaction with said second portion of said solid 
carbon to effect said steam gasification step, and wherein the sensible heat of the means 
for absorbing and releasing thranal energy supplies the heat necessary for said gasification 
step, said portion of thermal energy produced in said combustion step and used for heating 
said means for absorbing and rdeasing thermal energy being sufficient to supply the energy 
necessary for both said pyrolysis step and also said steam gasification step. 

10. A power system comprising: 

a fiiel cell, which utilizes hydrogm for power generation; and 

reaction apparatus for producing hydrogen gas, said reaction apparatus being 
operativdy connected for delivering hydrogen gas produced therd>y to said fuel cell, and 
including: means for absoifoing and releasing thermal energy and having a heat transfer 
surface; means for introducing. a hydrocarbonaceous material.into said apparatus and for 
depositing the material upon said heat transfer surGace for effecting pyrolysis of the material; 
and means for introducing an oxygra-containing gas into said apparatus for effecting 
combustion of carbon produced by pyrolysis of the deposited hydrocarbonaceous material, 
aiid for fliereby delivering thermal energy to said means for absorbing and releasing thermal 
fflergy. 

11. Hie system of Claim 10 wherdn said system is self-contained. 

12. The system of Claim 11 additionally including means for storing a supply of 
hydrocarbonaceous material operativdy connected to said means for introducing thermal 
energy. 

13. The system of Claim 12 comprising a transportation vehicle. 
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